Mode-division multiplexing offers a promising solution to increase the data capacity for optical communications. Waveguide mode conversion is essential for on-chip mode-division multiplexing. Previously reported mode converters have been limited to the conversion from a fundamental mode to one particular high-order mode. It is challenging to simultaneously satisfy the phase matching conditions during multiple mode conversion processes. Here, we propose a scalable design method that overcomes this limitation and realizes the simultaneous conversion of multiple modes via an all-dielectric two-dimensional metastructure on a silicon waveguide by shallow etching with hexagonal patterns. As an example, we experimentally demonstrate a multimode converter that simultaneously converts the TEi modes to the TEi+3 (i = 0, 1, 2) modes. The length of the multi-mode converter is 16.2 μm. The TE0-TE3, TE1-TE4, and TE2-TE5 mode conversions exhibit low insertion losses (0.4 to 1.0 dB) and reasonable crosstalk values (−14.1 to −16.5 dB) at 1538 nm.
Introduction
Generation and manipulation of optical modes are of broad interests to the photonics community.
In particular, space-division-multiplexing (SDM) or mode-division multiplexing (MDM) shows great potential to increase the data capacity in optical communication systems [1] [2] [3] [4] [5] [6] . On-chip silicon MDM offers compact footprint and compatibility with complementary metal-oxide-semiconductor (CMOS) technologies [7] [8] [9] . In the past few years, various on-chip mode converters and multiplexers have been proposed based on phase matching [10] [11] [12] [13] , beam shaping [14] [15] [16] and coherent scattering [17] [18] [19] .
A promising technique is to design mode converters using metastructures to control the effective refractive-index distribution, thereby manipulating the propagation and conversion of the waveguide modes [20] [21] [22] [23] [24] [25] [26] [27] . Previously proposed metastructures on waveguides, such as graded index co-directional grating with periodic index variation along the propagation direction 20 , phasegradient metasurface structures consisting of nanoantenna arrays 21 and all-dielectric metasurface structure with tilted subwavelength periodic perturbations 22 , were capable of converting one fundamental mode to a selective higher order mode.
A common issue of the reported mode converters is that the mode conversion is limited to one pair of modes. It would be much more attractive to realize simultaneous conversion processes from multiple low-order modes to high-order modes in a multimode waveguide, in analogy to the multiwavelength conversion in the wavelength domain [28] [29] [30] . Such a multi-mode converter should feature compact footprint, wide operation bandwidth, and low insertion loss. The key challenge of realizing multi-mode conversion is to achieve equally high conversion efficiencies for multiple mode pairs.
Due to the significant discrepancy of the phase matching conditions between different pairs of modes, multi-mode conversion is difficult to realize using conventional phase matching techniques based on periodic perturbations 20, 22 .
In this paper, we propose and demonstrate an efficient low-loss multi-mode converter using a quasi two-dimensional metastructure on a silicon waveguide. Shallow hexagonal trenches etched on the silicon waveguide provide sufficient refractive-index perturbations and introduce low excess losses. A segmented index profile in the transverse direction is designed based on coupled mode theory to maximize target mode coupling coefficients, while a quasi-periodic refractive-index variation along the propagation direction is optimized by particle swarm optimization (PSO) algorithm to achieve approximately equal conversion efficiencies for multiple pairs of modes. As a proof-of-concept experiment, we demonstrate a multi-mode converter that can realize the simultaneous conversions from TEi modes to TEi+3 (i = 0, 1, 2) modes. The length of the multimode converter is 16.2 μm. For the TE0-to-TE3, TE1-to-TE4 and TE2-to-TE5 mode conversions, the measured insertion losses are 0.4 dB, 1.0 dB and 0.5 dB, respectively, and the corresponding crosstalk values are below −15.5 dB, −16.5 dB and −14.1 dB, respectively, at 1538 nm. The proposed multi-mode converter can be scaled to realize simultaneous mode conversions from multiple low-order modes to arbitrary high-order modes.
Results
Theoretical principle for multi-mode conversion. The propagation of optical field in a perturbed dielectric structure can be approximately described by the coupled mode theory. Attributed to the index perturbations on a silicon multimode waveguide, energy can be coupled from one waveguide mode to other modes, and the amplitude of each mode along the propagation direction z can be determined by a set of differential equations 20, 22, 31 
where the integration region S is the cross section of the silicon waveguide, Ep (x, y) and Eq (x, y) are the electric field profiles of the waveguide modes p and q in the transverse cross section, respectively, and Δε (x, y, z) represents the refractive-index perturbation on the waveguide. According to Eq. 2, κpq is proportional to the spatial integral of the perturbation Δε (x, y, z) with Ep (x, y) and Eq (x, y), which we refer to as the electric field overlap.
There are two requirements needed for the multi-mode conversion based on Eq. 1. The first one is to achieve large values of the mode coupling coefficients between the incident modes and the target modes. The second one is to satisfy the phase matching condition along the propagation direction, which compensates the propagation constant mismatch ∆ (i.e. 
where δpq represents the period of the index perturbation. The discrepancy of ∆ between different pairs of modes leads to various perturbation periods and coupling lengths. For instance, the calculated perturbation periods δi(i+3) (i = 0, 1, 2) for the TEi-to-TEi+3 mode couplings are about 5.8 m, 4.7 mand 3.8 mrespectively. Therefore, it is difficult to simultaneously satisfy the phase matching conditions for multiple pairs of modes using the periodic index perturbations.
To meet these two requirements, our solution is to employ two-dimensional refractive-index Along the transverse direction, the widths of the trenches (W1 to W4) are properly designed to achieve large values of the mode coupling coefficients κ03, κ14 and κ25. Figure 1b shows the simulated electric field profiles E (x, y) of multiple mode pairs (TE0 / TE3, TE1 / TE4 and TE2 / TE5) in the transverse section, and the black-and-white-hatched regions highlight the field overlapping regions between the TE0 and TE3 modes, the TE1 and TE4 modes, the TE2 and TE5 modes, respectively. Based on Eq. 2, by introducing the trenches to these overlapping regions, the maximum positive values of κ03, κ14 and κ25 can be achieved, respectively. It can be noted that the field overlap regions between multiple mode pairs are slightly different, thus the trenches are introduced with trade-off widths that can cover the vast majority of them, as shown by the red-dashed areas in Fig. 1b . Benefitting from the suitable trench placement, sufficiently large values of κ03, κ14 and κ25 can be simultaneously achieved, which lead to high mode conversion efficiencies and short coupling lengths. In this design, the width of the silicon waveguide is 3.0 m, and the calculated widths of the trenches are: W1 = W4 = 0.46 m and W2 = W3 = 1.04 m. After propagation over δpq/2, the incident mode and the target mode are out of phase; thus changing the value of κpq from positive to negative is required to ensure that the input mode can always constructively contribute to the conversion to the target mode 20, 22, 31 . Therefore, the trenches should be arranged in a checkered pattern alternating along the propagation direction for the reversals of the signs of the mode coupling coefficients, as shown in Fig. 1a . Note that larger mode coupling coefficients can be achieved with deeper etching of the shallow trenches, at the cost of higher excess losses. In our case, the etching depth is chosen as 50 nm to introduce sufficient index perturbation and negligible losses.
Along the propagation direction, we use the PSO algorithm 32 to optimize the lengths of the rectangular trenches (L1 to L6) in order to achieve high conversion efficiencies between the TEi and TEi+3 (i = 0, 1, 2) modes. Regarding the transmissions of the target modes (TE3 / TE4 / TE5) as the target of optimization, the PSO algorithm is expected to find the optimal set of the lengths via adequate iterative calculations. Detailed parameters and simulated performance are provided in Supplementary Table 1 . The simulated insertion losses are ~ 1 dB for the TEi-to-TEi+3 (i = 0, 1, 2) multi-mode conversion. The considerable insertion losses can be mainly attributed to the Fresnel reflection at the boundaries of the rectangular trenches caused by the high refractive-index contrast between the silicon core and the cladding.
A viable way to reduce the losses caused by the reflection is to introduce taper structures at the interface of the etched region and the silicon waveguide. We add two symmetrical tapers with the same length T at the two sides of the rectangular trench to form a hexagon structure, as shown in Fig. 1c. Figure 1d ,e depicts the top view and three-dimensional (3D) view of the proposed TEi-toTEi+3 (i = 0, 1, 2) multi-mode converter with the two-dimensional metastructure composed of the hexagonal trenches, respectively. Along the transverse direction, the widths of the hexagonal trenches are of the identical magnitude with those of the rectangular ones. Since the introducing of the taper structure, the optimal lengths for the hexagonal trenches are changed compared to the rectangular trenches. So, we apply PSO algorithm again to search the optimal length parameters (T1 to T6 and L1
to L6). To simplify the calculation process, we assume the ratio R = Tn / Ln (n = 1, 2, …, 6) to be a constant, thus limiting the parameter set (T1 to T6 and R) in the optimization. Table 1 through the two-dimensional perturbation structure on the waveguide, thus the input modes are gradually converted to the target modes and reach similarly high mode purities of ~ 94%, where the mode purity is defined as the ratio of the transmitted target mode power to the total transmitted power.
By varying the etching depths and simultaneously changing the widths and the lengths of the hexagon trenches, we investigate the fabrication tolerance of our proposed multi-mode converter by simulations. As shown in Fig. 3 , when the etching depth varies from 45 nm to 55 nm, or the width and length deviation of each hexagon varies from −150 nm to +150 nm, the insertion losses and the crosstalk values of the multi-mode converter still remain < 1 dB and < −10 dB, respectively. The simulated results indicate that the proposed devices feature high tolerance to structural deformation.
The tip of the taper structure may be difficult to fabricate due to the small feature size, so we use a trapezoid taper with a tip size of 50 nm to replace the triangle taper to mimic the shape deformation.
The simulated results show negligible degradation of the device performance, which indicates that the proposed devices are tolerant to the deformation of the tip.
To verify the scalability of our proposed design method, we also design a TEi-to-TEi+2 (i = Table 2 and Table 3 , respectively.
Optical performance of the fabricated devices. Figure 4a shows an optical microscope photo of a 
Discussion
In conclusion, we have proposed and experimentally demonstrated a scalable design method to achieve the simultaneous conversion of an arbitrary group of modes using a two-dimensional metastructure on a silicon waveguide. Shallow-etched hexagonal trenches are used to control the spatial distribution of the effective refractive-index. A segmented refractive-index profile along the transverse direction and quasi-periodic index perturbations along the propagation direction are applied to form two-dimensional index perturbations and achieve equally high conversion efficiencies for multiple pairs of modes. As an example, an efficient low-loss multi-mode converter is demonstrated to achieve the simultaneous mode conversions from the TEi mode to the TEi+3 mode The height and width of the silicon waveguide are 0.22 μm and 3 μm, respectively; the length of the metastructure is 16.2 μm; the etching depth is 0.05μm. Supplementary Table 1 The height and width of the silicon waveguide are 0.22 μm and 3 μm, respectively; the length of the metastructure is 15.9 μm; the etching depth is 0.05 μm. . The height and width of the silicon waveguide are 0.22 μm and 2.4 μm, respectively; the length of the metastructure is 20.9 μm; the etching depth is 0.05 μm. . The height and width of the silicon waveguide are 0.22 μm and 3.6 μm, respectively; the length of the metastructure is 15.8 μm; the etching depth is 0.055 μm. .
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